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The type II clathrate Na22Si136 is prepared by the thermal decomposition of
NaSi. Thermal analysis indicates this phase is metastable yet has a relatively
high decomposition temperature. Rietveld analysis indicates that Na in the
larger Si28 cage is shifted off-center, analogous to observations in some type I
clathrates. Temperature-dependent electrical and thermal transport proper-
ties are reported for Na22Si136, for which the spark plasma sintering technique
was found to be effective in achieving intergrain sintering in the consolidated
specimen. The potential that type II clathrate materials possess for thermo-
electric applications is discussed.
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INTRODUCTION
Since the identification of intermetallic clathrates
based on elements of group 14 (Si, Ge, and Sn) as
prospective thermoelectric materials,1,2 significant
effort has been exerted in order to understand the
physical and chemical properties of these intriguing
materials.3–6 Characterized by an open-structured,
covalently bonded framework that can host various
guest species in large, cage-like voids, intermetallic
clathrates have been shown2,3,7 to exemplify the
phonon glass electron crystal8 concept. The endeavor
to optimize these materials for potential high-tem-
perature thermoelectric power generation applica-
tions continues, with recent promising reported
successes.5,9–13
To date, research effort on clathrate compounds
has predominantly focused on those with the type I
crystal structure.3–5 Clathrates of the type II
structure have recently attracted increasing atten-
tion.6 The type II clathrate (space group Fd3m)
crystal structure is comprised of a covalently bonded
framework (E136 in the conventional cell, E = Si, Ge,
or Sn) formed by the face sharing of 20-membered
dodecahedra (E20) and 28-membered hexakaideca-
hedra (E28) in an E28:E20 ratio of 1:2. The frame-
work may be empty, as in the case of E = Si14,15 or
Ge,16 or its polyhedral cages can incorporate guest
atomic species in their interiors. Large-amplitude,
localized vibrations of these guests in the relatively
oversized framework cages can potentially result in
strong scattering of the heat-carrying pho-
nons.3–7,17–19 This aspect, coupled with the favor-
able electrical properties that semiconducting
type II clathrates are expected to possess, forms the
impetus for investigation of these materials for
potential thermoelectric applications.
In addition to the rich possibilities for investiga-
tion of new compositions of thermoelectric clath-
rates, type II clathrate materials exhibit the
characteristic that the guest content may be con-
tinuously varied, which may have conspicuous
consequences for the physical properties of these
materials. In particular, as the electronic and
thermal properties of intermetallic clathrates are
intimately related to the interaction between the
guest and framework, this could offer tunability
with respect to thermoelectric properties. The pro-
totypical type II clathrate phases for which the
guest content may be varied completely from
unfilled (x = 0) to fully filled (x = 24) are the NaxSi136
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(0< x< 24) clathrates.20–22 These phases have
received considerable attention with respect to
understanding some of their physical properties.6
However, presumably due to challenges inherent in
the preparation of specimens for such study, their
transport and thermoelectric properties remain to
be well characterized. Herein, we report on the
synthesis, structural, and transport properties of
the Na22Si136 clathrate.
EXPERIMENTAL
The Na22Si136 specimen was prepared via thermal
decomposition under vacuum (10-5 Torr) of the
Zintl phase NaSi20–22 by heating at 380C for 1.5 h.
NaSi was first prepared from elemental Na (99.95%)
and Si (99.999%) by reaction in tungsten crucibles
at 650C for 36 h, sealed under nitrogen in a steel
reaction vessel. All manipulations were performed
inside nitrogen- or argon-filled glove boxes. The
products of thermal decomposition of NaSi were fine
polycrystalline powders. The thermal decomposition
of NaSi to form NaxSi136 is complicated by the
presence of the type I clathrate Na8Si46 which also
readily forms in this process, the content of which
can vary from several wt.% to almost 50 wt.% in as-
synthesized specimens.21,22 In the Na22Si136 speci-
men as synthesized in the present study, the
Na8Si46 phase fraction was less than 3 vol.% (as
estimated from Rietveld refinement), without the
need for further density separation and purification
as previously reported.22
Powder x-ray diffraction (XRD) data were col-
lected at room temperature in the 2h range of 7 deg
to 145 deg, utilizing Cu Ka radiation. Rietveld
structure refinements were carried out using the
GSAS software suite23,24 and WinCSD software
package.25 Differential thermal analysis (DTA),
conducted using a TA Instruments SDT Q600,
showed no thermal events until just below 600C,
whereupon a weak exothermic peak was observed,
indicating that the Na22Si136 phase is metastable.
Post-DTA XRD revealed the post-decomposition (of
Na22Si136) product to be diamond silicon, in agree-
ment with a theoretical study26 that concludes that
the empty Si136 clathrate is only slightly higher in
energy than the diamond-structured Si ground state.
The Na22Si136 specimen prepared for transport
property measurements was consolidated under
argon at 450C using a custom-designed27 spark
plasma sintering (SPS) apparatus contained inside
an argon-filled glove box. The resulting pellet den-
sity was approximately 83% of the calculated value
from the XRD data. A parallelepiped specimen of
approximate dimensions 2 mm 9 2 mm 9 5 mm for
temperature-dependent transport measurements
was cut from the resulting pellet using a wire saw.
Electrical resistivity (q) was measured using a
four-probe method. The Seebeck coefficient (S) at
each temperature was measured from the slope of a
DV versus DT plot acquired by a temperature gradient
sweep method. Thermal conductivity (j) was
measured by a standard steady-state heat flow
technique.
RESULTS AND DISCUSSION
The initial model used for Rietveld refinement
(Fig. 1a) was taken by assuming the framework Si
atoms at the 96g, 32e, and 8a sites, and the Na
atoms at the centers of the Si20 and Si28 cages at the
16c and 8b sites, respectively.20–22 However, the
isotropic atomic displacement parameters* (Uiso) for
Na at the 8b site (fractional coordinates: 3/8, 3/8,
3/8) was found to be unreasonably large (>0.1 A˚2,
several times larger than any other site in the
structure; see Table I). Although strong thermal
motion is expected for this caged guest, especially
considering the relatively large difference between
the size of the Na guest and the effective free space of
the cage interior, the unusually large Uiso suggests,
in addition, that significant static disorder may be
present. Difference Fourier maps, computed using
the calculated structure factors for the model with
Na at the 8b site completely unoccupied, indicate
significantly nonspherical residual electron density
in the vicinity of the 8b site, and typically with lobes
directed toward the hexagonal faces of the Si28 cage.
For specimens with lower Na content, the maxima
in density are observed not on-center at the 8b site,
but rather at four nearby sites within the Si28 cage
(3/8 + d, 3/8 + d, 3/8 + d). Therefore, further refine-
ment was carried out using a split-site model with
Na at the corresponding nearby 32e site (still with
space group Fd3mÞ: Figure 1b shows the calculated
and measured diffraction profile for the Na22Si136
specimen (refined composition Na21.7Si136), while
refinement results and refined structural parame-
ters are given in the table.
Stable refinement convergence, with no damping
of parameter shifts, was achieved with final simul-
taneous refinement of Na occupancy, Uiso, and 32e
positional parameter for this site. The refined off-
center shift for the sodium atom was found to be
approximately 0.4 A˚. Moreover, the occupancy for
the Na at 32e split-site model refined to be one-
quarter of the corresponding single site (i.e., Na at
8b model) occupancy, consistent with the fourfold
increase in site multiplicity from 8a to 32e, and the
physical requirement of only one Na atom per cage.
These results indicate that Na is indeed shifted
significantly off-center in the Si28 cage. Our con-
clusion confirms findings from recent extended
x-ray absorption fine-structure (EXAFS) studies,
which indicate significant displacement of Na from
the center of the hexakaidecahedra in Na8Si136 and
Na24Si136.
28,29 The value 0.4 A˚ for the Na shift in
Na22Si136 is similar to that observed for guests in
*The 96g site is the only site for which the diagonal elements
of the anisotropic atomic displacement parameter tensor Uij
(i = j = 1, 2, 3) are unequal.
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the Ge24 tetrakaidecahedra cage in type I clathrates
such as Sr8Ga16Ge30 and Eu8Ge16Ge30.
30,31
The refined Na at 32e Uiso value is reduced to
more physically reasonable values for the split-site
model (Table I), yet still remains relatively large. As
mentioned above, this is consistent with strong
thermal disorder for Na in the larger cage; further
study is in progress, as this may have important
implications regarding the thermal conduction in
these materials. We note that in our refinements
strong correlations exist between the Na Uiso and
32e position parameter, thus it is difficult to obtain
precise values for the position and Uiso from our
data. As the refinement quality of fit (Fig. 1 and
Table I) are the same for the on-center and off-
center models, preference for one model over the
other cannot be based on these factors alone.
However, smaller residual electron density in the
case of the split-site model and the physically more
reasonable Uiso are obtained in the off-center model.
Similar results and conclusions were obtained in
structural studies of type I clathrates,30,32–34 for
which single- and split-site models both result in
similar refinement quality. The off-centering of the
guest atoms in type I clathrates results in unique
phenomena in these compounds.7,35,36 Further
detailed analysis for a series of NaxSi136 (0< x< 24)
will be reported elsewhere.
One of the challenges inherent to a study of the
transport properties of the NaxSi136 clathrates is
preparation of sufficiently dense polycrystalline
samples with good intergrain electrical contact.
Analogous to silicon in the diamond structure, an
insulating oxide layer can readily form on the grains
Fig. 1. Rietveld refinement powder pattern plots for Na22Si136, using the single-site (a) and split-site (b) models discussed in the text. Lower tick
marks indicate NaxSi136 reflection positions, whereas upper tick marks indicate reflections due to the type I Na8Si46 clathrate impurity phase
(phase fraction estimated to be less than 3 vol.%).
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of the polycrystalline specimens. This oxide layer
has been directly observed in the NaxSi136 clath-
rates,37 and can present difficulties in both densifi-
cation38 and interpretation of the measured
transport properties.39 The SPS technique has been
shown to be very effective in the preparation and
consolidation of a diverse range of materials.40–42
The measured q, S, and j in the temperature
range of 60 K to 300 K for the Na22Si136 specimen
consolidated using SPS are shown in Fig. 2. q
increases monotonically with temperature, and
remains less than 1 mOhm cm in the entire tem-
perature range. The value of 0.7 mOhm cm at
300 K is very close to that reported17 for the stoi-
chiometric clathrate Cs8Na16Si136. The values for S
remain relatively low, and the magnitude also in-
creases monotonically with temperature. The neg-
ative sign of S suggests that electrons are the
majority carriers. The observed magnitude and
temperature dependence of both q and S for
Na22Si136 are indicative of metallic or very heavily
doped semiconductor behavior.
A metal–insulator transition has been
reported39,43 to occur in NaxSi136 near 7< x< 11,
though the precise value of x at which this occurs, as
well as the nature of this transition, has yet to be
determined unequivocally. For the high Na content
of Na22Si136, the electronic properties can be
qualitatively understood in terms of a simplified
rigid-band model, wherein electronic charge is
transferred from the Na guests to the framework,
therefore resulting in the occupation of the frame-
work conduction bands, and the observed metallic
properties. This qualitatively explains the observed
behavior in Fig. 2. Our transport measurements
confirm that intergrain sintering and relatively
good electrical contact between the grains is
achieved using the SPS method.
The total measured thermal conductivity (j) for
the Na22Si136 specimen is shown in Fig. 2 (bottom).
These data have not been corrected for the 17%
porosity in this specimen, which may have a non-
negligible effect on the perceived j. The tempera-
ture dependence of j is similar to that reported for
Cs8Na16Si136
17 and also the type I Na8Si46.
44
Table I. Crystallographic Data for Na22Si136 (Space Group Fd3m)
Atom Site Symmetry x y z Occupancy Ueq (A˚
2)
Single-site model (Na at 8b)a
Refined composition Na21.6Si136; a = 14.7103(2) A˚
Na1 16c 3m 0 0 0 0.853(4) 0.0141(9)
Na2 8b 43m 3/8 3/8 3/8 1 0.118(2)
Si1 96g m 0.06715(3) x 0.37156(6) 1 0.0072b,c
Si2 32e 3m 0.21833(5) x x 1 0.0071(4)
Si3 8a 43m 1/8 1/8 1/8 1 0.0051(6)
Split-site model (Na at 32e)d
Refined composition: Na21.7Si136. a = 14.7104(2) A˚
Na1 16c 3m 0 0 0 0.854(4) 0.0145(9)
Na2 32e 3m 0.3909(9) x x 0.251(2) 0.061(8)
Si1 96g m 0.06716(3) x 0.37155(6) 1 0.0072b,e
Si2 32e 3m 0.21832(5) x x 1 0.0072(4)
Si3 8a 43m 1/8 1/8 1/8 1 0.0051(6)
aResiduals: v2 = 1.65, Rwp = 0.085, Rp = 0.064, R(F
2) = 0.024; bSee footnote 1; cU11 = U22 = 0.0051(3), U33 = 0.0115(6), U12 = 0.0021(4),
U13 = U23 = 0.0005(3);
dResiduals: v2 = 1.65, Rwp = 0.085, Rp = 0.064, R(F
2) = 0.024; eU11 = U22 = 0.0049(3), U33 = 0.0127(6),
U12 = 0.0023(4), U13 = U23 = 0.0003(3).
Fig. 2. Electrical resistivity and Seebeck coefficient (top), and ther-
mal conductivity (bottom) for the Na22Si136 specimen consolidated
using the SPS technique.
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j achieves a modest value of 5.5 W/m/K at 300 K.
Our previous investigation into the thermal con-
ductivity of hot-pressed NaxSi136 (x = 0, 1, and 8)
clathrates suggests that the semiconducting vari-
ants possess relatively low thermal conductivi-
ties.45,46 Results from a complete study of the
transport properties of NaxSi136 (0< x< 24) will be
reported elsewhere.
CONCLUSION
The type II clathrate Na22Si136 was prepared by
the thermal decomposition of NaSi in vacuum.
Structural analysis reveals that the Na guest in the
larger Si28 cage is shifted off-center by at least
0.4 A˚, which may have important consequences for
the physical properties of these materials. In par-
ticular, electronic structure calculations for
NaxSi136 clathrates should be revisited in light of
this observation. We have reported for the first time
all three thermoelectric transport coefficients for a
NaxSi136 specimen with x = 22: temperature-
dependent electrical resistivity, Seebeck coefficient,
and thermal conductivity. SPS consolidation was
found to be effective in achieving good intergrain
sintering and electrical contact.
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